The protein tyrosine phosphatase PTP-PEST displays remarkable substrate speci®city, in vitro and in vivo for p130 cas a signalling intermediate implicated in mitogenic signalling, cell-adhesion induced signalling, and in transformation by a variety of oncogenes. We have identi®ed a high anity interaction between the SH3 domain of p130 cas and a proline-rich sequence (P 335 PPKPPR) within the C-terminal segment of PTP-PEST. Mutation of proline 337 within this sequence to alanine signi®cantly impairs the ability of PTP-PEST to recognise tyrosine phosphorylated p130 cas as a substrate, without qualitatively aecting the selectivity of the interaction. Thus the highly speci®c nature of the interaction between PTP-PEST and p130 cas appears to result from a combination of two distinct substrate recognition mechanisms; the catalytic domain of PTP-PEST contributes speci®city to the interaction with p130 
Introduction
The protein tyrosine phosphatases (PTPs) constitute a large family of enzymes which are involved in regulating a wide variety of physiological processes through the dephosphorylation of speci®c tyrosine phosphorylated substrates (Tonks and Neel, 1996) . Many of these enzymes have been shown to ful®ll essential roles in eukaryotic signal transduction pathways (Perkins et al., 1992; Kishihara et al., 1993; Schultz et al., 1993; Desai et al., 1996) , although in general the nature of the substrates through which individual PTPs exert their eects are unknown.
Recently, the crystal structure of PTP1B was determined both in the absence and in the presence of a tyrosine phosphorylated peptide substrate bound to the active site of the enzyme (Barford et al., 1994; Jia et al., 1995) . These structures, together with available kinetic data, allowed the elucidation of the catalytic mechanism of the PTPs and provided a framework for the development of substrate-trapping mutants with which to identify substrates for PTPs. This approach involved generating catalytically-impaired mutant forms of PTPs which retain the ability to bind to their substrates with high anity, but which are incapable of dephosphorylating the bound substrates; the resultant stable enzymesubstrate complexes are then isolated, allowing the substrates to be identi®ed. Using this methodology, we have previously demonstrated that the cytosolic protein tyrosine phosphatase PTP-PEST displays a highly restricted substrate preference both in vitro and in vivo, being capable of exclusively selecting tyrosine phorphorylated p130 cas as a substrate from complex mixtures of tyrosine phosphorylated proteins containing many other potential substrates (Garton et al., 1996) . In contrast, the catalytic domain of PTP1B displayed little substrate selectivity in vitro (Garton et al., 1996) whereas substrate-trapping experiments performed in vivo have shown that full-length PTP1B recognizes a limited number of substrates, in particular the epidermal growth factor receptor (Flint et al., 1997) . The increased substrate speci®city of PTP1B observed in vivo presumably re¯ects the restricted range of accessible potential substrates for this endoplasmic reticulum-localised enzyme. These studies suggest that the substrate speci®city of dierent PTPs can potentially be in¯uenced by a variety of dierent mechanisms, including intrinsic speci®city of the PTP catalytic domain, as in the case of PTP-PEST (Garton et al., 1996) , and restriction of substrate accessibility due to subcellular targetting of the enzyme, as observed for PTP1B (Flint et al., 1997) .
The identi®cation of p130 cas as a preferred substrate for PTP-PEST implicates PTP-PEST in the regulation of cellular processes requiring tyrosine phosphorylation of p130 cas . p130 cas has been identi®ed as a prominent tyrosine phosphorylated protein in several systems, notably in cells transformed by a variety of dierent oncogenes (Mayer and Hanafusa, 1990a,b; Kanner et al., 1991; Auvinen et al., 1995; Salgia et al., 1996) . The precise role of p130 cas phosphorylation in the transformation process is presently unclear, but several observations suggest that aberrant signalling downstream of tyrosine phosphorylated p130 cas is, at least partly, responsible for the manifestation of the transformed phenotype. Tyrosine phosphorylation of p130 cas is also observed in ®broblasts following cell attachment to the extracellular matrix (Nojima et al., 1995; Petch et al., 1995; Vuori and Ruoslahti, 1995; Hamasaki et al., 1996; Harte et al., 1996; Vuori et al., 1996) , following activation of B cells through the B cell antigen receptor (Ingham et al., 1996; Manie et al., 1997) and in Swiss 3T3 cells upon stimulation by a variety of dierent mitogens (Zachary et al., 1992; Leeb-Lundberg et al., 1994; Rankin and Rozengurt, 1994; Seuerlein and Rozengurt, 1994) . Thus it appears that tyrosine phosphorylation of p130 cas is an integral component in a variety of signalling processes, each of which is potentially regulated through the dephosphorylation of p130 cas by PTP-PEST. In order to improve our understanding of the speci®c recognition of p130 cas by PTP-PEST, we have determined the structural features of each molecule that are important for this interaction. The SH3 domain of p130 cas was found to bind with high affinity to a single proline-rich sequence (P 335 PPKPPR) in PTP-PEST. Furthermore, this interaction is an essential component in the recognition of tyrosine phosphorylated p130 cas as a substrate by PTP-PEST, suggesting a role for the SH3 domain of p130 cas in regulating the dephosphorylation of the p130 cas protein.
Results
Interaction of PTP-PEST with the SH3 domain of p130 cas PTP-PEST was recently identi®ed as a PTP which recognizes tyrosine phosphorylated p130 cas speci®cally as a substrate both in vitro and in vivo (Garton et al., 1996) . p130
cas contains an N-terminal SH3 domain, whereas the non-catalytic, C-terminal segment of PTP-PEST contains multiple proline-rich sequences (Yang et al., 1993a,b) , including 7 PxxP motifs which represent potential sites of interaction with SH3 domains . Therefore, we investigated the potential interaction of PTP-PEST with SH3 domains derived from various proteins, including p130 cas . Puri®ed, baculovirus-expressed PTP-PEST was incubated with glutathione-Sepharose beads pre-coupled to GST, or GST fusion proteins containing the SH3 domains of p130 cas , cortactin, grb2, crk, HEF-1, abl, lyn, src or phosphatidylinositol 3'-kinase, (PI3K). After washing, protein associated with the beads was analysed by SDS ± PAGE followed by immunoblotting with a monoclonal antibody (AG10) to PTP-PEST. The p130 cas SH3 domain fusion protein strongly associated with PTP-PEST ( Figure 1a, upper panel) . The concentration of PTP-PEST in the incubation was approximately 50 nM, indicating that the observed association between PTP-PEST and the SH3 domain of p130 cas constitutes a high anity interaction. Longer immunoblot exposures allowed the detection of interactions between PTP-PEST and the SH3 domains of grb2, HEF-1 and lyn; the amount of PTP-PEST precipitated by these fusion proteins was less than 20% of that precipitated by the p130 cas SH3 domain fusion protein ( Figure 1a , lower panel). Using a more sensitive polyclonal antiserum to detect PTP-PEST it was possible also to detect weak associations with the SH3 domains of crk, abl, lyn and src (but not cortactin or GST alone); however the level of association of PTP-PEST with these SH3 domains was approximately 2% of that observed with p130 cas (data not shown). Furthermore, only the SH3 domain of p130 cas was capable of precipitating detectable endogenous PTP-PEST from lysates of HeLa or COS cells (data not shown).
The SH3 domain of p130 cas was recently shown to associate with the focal adhesion kinase pp125 FAK (Polte and Hanks, 1995; Burnham et al., 1996; Harte et al., 1996) . Using a gel overlay assay, the p130 cas SH3 domain was found to bind to a 110 ± 120 kDa band in ®broblast cell lysates, and pp125 FAK was identi®ed as major component of the observed signal . Since PTP-PEST also migrates in the 110 ± 120 kDa range by SDS ± PAGE, we investigated the possibility that PTP-PEST also contributes to the observed binding of the p130 cas SH3 domain to the 110 ± 120 kDa region of the blot. PTP-PEST, and subsequently pp125 FAK , were immunoprecipitated from a COS cell lysate. The precipitated proteins, and an aliquot of the original cell lysate, were subjected to SDS ± PAGE, transferred to nitrocellulose, and probed with 32 P-labelled p130 cas SH3 domain. As reported previously, the labelled p130 cas SH3 domain bound cas SH3 domain and the three longest forms of PTP-PEST (comprising amino acid residues 1 ± 780 (full-length PTP-PEST), 1 ± 635, or 1 ± 525) was essentially identical, however there was no interaction of p130 cas with the shortest PTP-PEST construct (amino acids 1 ± 305) ( Figure 2b ). These results indicate that the major site of interaction of PTP-PEST with the SH3 domain of p130 cas lies between amino acid residues 306 ± 525 of PTP-PEST.
The SH3 domain of p130 cas was recently shown to bind to two distinct proline-rich sequences in the Cterminal segment of the focal adhesion kinase pp125 FAK . These sequences (PPKPSR, PPKKPPR) closely resemble those of two sequences in PTP-PEST (PPPKPPR, residues 333 ± 339) and PPPLPER (residues 674 ± 680), which therefore represent likely sites of interaction of PTP-PEST with the p130 cas SH3 domain. Since residues 674 ± 680 appear to be dispensible for this interaction (Figure 2b ), the potential binding of the SH3 domain of p130 cas to the region of PTP-PEST containing residues 333 ± 339 was investigated. A point mutation (proline residue 337 changed to alanine, termed P337A) was introduced into the PTP-PEST protein by site-directed mutagenesis, mutant and wild-type proteins were then expressed in COS cells following calcium phosphate-mediated transfection of the appropriate expression plasmid. Lysates of these cells were incubated with immobilized GST-p130 cas SH3 domain fusion protein, and association of PTP-PEST with the p130 cas SH3 domain was assessed by immunoblotting bound proteins using a monoclonal antibody (AG10) to PTP-PEST. Mutation of proline 337 of PTP-PEST to alanine essentially abolished the binding of PTP-PEST to the SH3 domain of p130 cas ( Figure 2c ), presumably by disrupting the conformation of a left-handed type II polyproline helix within this region of PTP-PEST; such structures are known to be generally required for the ecient binding of SH3 domains to their ligands Yu et al., 1994) . This result shows that the p130 cas SH3 domain binds exclusively to the sequence surrounding proline 337 of PTP-PEST. The amount of endogenous PTP-PEST present in these lysates was less than 1% of that expressed from the transfected cDNA. Therefore, although endogenous PTP-PEST is precipitated by the GST-p130 cas SH3 domain fusion protein, and can be readily detected in precipitates derived from non-transfected COS cell lysates using a polyclonal PTP-PEST antibody (data not shown), the signal corresponding to endogenous PTP-PEST precipitated from the P337A PTP-PEST transfected lysate was not detectable under the conditions used in Figure 2c .
The SH3 domain-mediated interaction between p130 cas and PTP-PEST is required for ecient recognition of p130 cas as a substrate by PTP-PEST
In order to investigate the consequences of the observed interaction between PTP-PEST and the p130 cas SH3 domain, the P337A mutation was incorporated into PTP-PEST proteins containing additional mutations (D199A or C231S) within the PTP catalytic domain. These catalytic domain mutations have been shown previously to result in catalytically impaired enzymes (termed substratetrapping mutants) which are still capable of binding with high anity to tyrosine phosphorylated substrate proteins (Garton et al., 1996) . All three forms of P337A mutant PTP-PEST protein (containing either a wild-type catalytic domain, or additional D199A or C231S mutations), and their counterparts retaining the proline residue at position 337, were expressed in 293 cells by transfection of the appropriate plasmid. Because 293 cells contain considerably less p130 cas protein than COS cells (Garton et al., 1996) , expression of PTP-PEST proteins in 293 cells minimizes the potential binding of p130 cas to newly synthesized PTP-PEST following transfection (data not shown). PTP-PEST proteins were isolated from the transfected 293 cell lysates by immunoprecipitation using a monoclonal PTP-PEST antibody (AG25) which was covalently coupled to Protein A-Sepharose beads. Following extensive washing of the resultant anity matrices, the ability of each of the immobilized PTP-PEST proteins to associate stably with p130 cas was assessed by incubation with lysates of either untreated, or pervanadate-treated, COS cells. Proteins associating with PTP-PEST were then analysed by SDS ± PAGE followed by immunoblotting with either a monoclonal antiphosphotyrosine antibody or a polyclonal p130 cas in the untreated cell lysate was essentially abolished by the P337A mutation (Figure 3a, top panel) . This result demonstrates that the interaction previously observed between the isolated SH3 domain of p130 cas and PTP-PEST (Figures 1 and 2 ) also occurs in the context of the full-length p130 cas protein. The association of PTP-PEST with p130 cas in the pervanadate-treated COS cell lysate was also potently abrogated by the P337A mutation (Figure 3) . The wildtype PTP-PEST protein associated with, and fully dephosphorylated, the p130 cas protein in the pervanadate-treated lysate, the level of association was therefore similar to that observed in the untreated lysate (Figure 3a) . In contrast, both substrate-trapping mutant forms of PTP-PEST (D199A and C231S) precipitated signi®cantly more p130 cas from the pervanadate-treated cell lysate than from the untreated cell lysate (Figure 3a , compare top two panels). This is presumably because the non-phosphorylated p130 cas present in the untreated cell lysate associates with both wild-type and substrate-trapping mutant forms of PTP-PEST exclusively via its SH3 domain, whereas the tyrosine phosphorylated p130 cas in the pervanadate-treated lysate associates with the substrate-trapping forms of PTP-PEST via two distinct high anity interactions, one mediated by the SH3 domain of p130 cas , the second mediated by the association of phosphotyrosine residues in p130 cas with the mutant PTP-PEST catalytic domain. In the presence of the P337A mutation, the ability of the catalytic domain mutant forms of PTP-PEST to associate stably with tyrosine phosphorylated p130 cas was severely impaired, in fact the association of p130 cas with the D199A/P337A and C231S/P337A mutant forms of PTP-PEST was barely detectable under these conditions (Figure 3) . These results suggest that the ability of PTP-PEST to recognize p130 cas as a substrate critically depends on the SH3 domain-mediated interaction of p130 cas with PTP-PEST. It is important to note that although the level of association of the D199A/P337A mutant form of PTP-PEST with tyrosine phosphorylated p130 cas was signi®cantly diminished compared to that observed with the D199A mutant, this interaction displayed a similar high degree of speci®city, i.e. p130
cas was the only tyrosine phosphorylated protein precipitated by both the D199A and D199A/P337A mutant forms of PTP-PEST (Figure 3b, right panel) . This result is consistent with our previous work which demonstrated that the speci®city of the interaction between substrate trapping forms of PTP-PEST and tyrosine phosphorylated p130
cas was an inherent property of the catalytic domain of the enzyme (Garton et al., 1996) ; the present data support this conclusion, but suggest that the eciency of this speci®c interaction is signi®cantly enhanced by the SH3 domain-mediated association of p130 cas with PTP-PEST. (b) 100 ml of 50 nM puri®ed wild-type PTP-PEST (amino acid residues 1 ± 780), or the indicated truncated forms of the protein (residues 1 ± 635, 1 ± 525 or 1 ± 305), were incubated for 30 min at 48C with 5 mg of immobilised GST, or GST fusion proteins containing the SH3 domains of p130 cas or cortactin. After washing, associated proteins were analysed by SDS ± PAGE, followed by immunoblotting with a PTP-PEST monoclonal antibody (AG10) (right panel). In the left panel, 15 ml of each puri®ed PTP-PEST protein was directly immunoblotted. (c) COS cells were transfected with wild-type PTP-PEST cDNA (WT lanes), or cDNA encoding PTP-PEST with the proline 337 to alanine mutation (P337A lanes). Cell lysates (0.3 mg total protein) were then incubated for 30 min at 48C with 5 mg of immobilised GST, or GST-p130 cas SH3 domain. Associated proteins, and aliquots of untreated lysates (30 mg protein), were then analysed by SDS ± PAGE followed by immunoblotting with a PTP-PEST antibody (Garton et al., 1996) , wild-type PTP-PEST selectively dephosphorylated the prominent 130 kDa tyrosine phosphorylated protein corresponding to p130 cas , whereas the remaining phosphotyrosinecontaining proteins were relatively resistant to dephosphorylation by PTP-PEST (Figure 4a, WT lanes) . The dephosphorylation of p130 cas by PTP-PEST was signi®cantly less ecient in the context of the P337A mutation (Figure 4a and c, upper panel) . Dephosphorylation of p130 cas still occurred under these conditions, in the absence of signi®cant dephosphorylation of other potential substrates present in the lysate (Figure 4a ), but in order to achieve comparable levels of dephosphorylation, signi®cantly more of the P337A PTP-PEST protein was required (Figure 4c ). This eect was not due to a general reduction in PTP activity of PTP-PEST as a result of the P337A mutation, since immunoprecipitated wildtype and P337A PTP-PEST displayed comparable activities using tyrosine phosphorylated 32 P-labelled RCM-lysozyme as a substrate (data not shown). These results suggest that the interaction between the SH3 domain of p130 cas and PTP-PEST contributes signi®cantly to the ecient recognition of p130 cas as a substrate by PTP-PEST.
Mutation of Pro

Discussion
We have previously demonstrated that tyrosine phosphorylated p130 cas represents a speci®c preferred substrate for the cytosolic protein tyrosine phosphatase PTP-PEST, and that the speci®city of the observed interaction is an intrinsic property of the catalytic domain of PTP-PEST (Garton et al., 1996) . The present work demonstrates that an additional contribution to the ecient recognition of p130 cas as a substrate by PTP-PEST derives from a speci®c interaction between the SH3 domain of p130 cas and a proline-rich sequence (P 335 PPKPPR) within the noncatalytic segment of PTP-PEST. The combination of these two highly speci®c interactions between the phosphatase and its substrate presumably helps to ensure that PTP-PEST, a freely soluble enzyme with high speci®c activity, in¯uences exclusively the tyrosine phosphorylation state of p130 cas within the cell. A dierence between our previous experiments (Garton et al., 1996) and those reported here is the use in the current work of a new, more sensitive antibody to p130 cas . This has allowed us to detect the association of PTP-PEST with non-phosphorylated p130 cas (Figure 3a, upper panel) , and to demonstrate that wild-type PTP-PEST is capable of binding to p130 cas derived from a pervanadate-treated lysate, albeit with considerably lower eciency than substrate trapping forms of the enzyme (Figure 3a, lower Wild-type or mutant forms of PTP-PEST were expressed in 293 cells following transfection of the appropriate expression plasmid. Following cell lysis, PTP-PEST proteins were isolated by immunoprecipitation using covalently coupled AG25-Protein A-Sepharose beads. Aliquots of washed beads were then incubated at 48C for 45 min with lysates of untreated or pervanadate-treated COS cells (0.5 mg total protein). After washing, associated proteins were then solubilized in SDS ± PAGE sample buer, and divided into two equal aliquots which were analysed by SDS ± PAGE followed by immunoblotting with antibodies to p130 cas (a) or phosphotyrosine (b). ECL exposure times used to detect p130 cas in a were 10 s (upper two panels) or 4 min (bottom panel). Lysate lanes contain 30 mg of total cell lysate protein of PTP-PEST and tyrosine phosphorylated p130 cas were readily apparent (see Figure 3 in Garton et al., 1996) . The most likely explanation for this apparent discrepancy is the considerably greater anity of the polyclonal p130 cas antibody used in the present work compared with the monoclonal antibody used previously (e.g. an ECL exposure time of 10 s was used to detect p130 cas associated with PTP-PEST in the immunoblot shown in Figure 3a of the current work, whereas a 30 min exposure was required for Figure 3 in Garton et al., 1996) . Thus, using the reagents available at the time, it was previously not possible to detect the relatively weak signal corresponding to p130 cas associated via its SH3 domain with wild-type PTP-PEST, whereas the considerably stronger association of tyrosine phosphorylated p130 cas with substrate-trapping forms of PTP-PEST was readily detectable.
The ability of the SH3 domain of p130 cas to associate with similar sequences in the focal adhesion localised protein tyrosine kinase pp125 FAK , and the cytosolic protein tyrosine phosphatase PTP-PEST, suggests that these two enzymes may compete for association with p130 cas ; this competition may represent a strict regulatory mechanism allowing the tyrosine phosphorylation state of p130 cas to be adjusted accurately according to the prevailing cellular conditions. Thus, an increased level of association of p130 cas with pp125 FAK would result in enhanced phosphorylation of p130 cas , concomitant with its translocation to focal adhesion complexes via association of the C-terminal segment of pp125 FAK with paxillin (Hildebrand et al., 1993; Tachibana et al., 1995) . Conversely, dephosphorylation of p130
cas by PTP-PEST may simultaneously displace p130 cas from the focal adhesion complex, thereby terminating the signal downstream of p130 cas by two distinct mechanisms. This model is supported by the observation that tyrosine phosphorylated p130 cas is found predominantly in insoluble fractions of cell lysates, whereas the majority of the non-phosphorylated p130 cas is found in the cytosolic fraction (Sakai et al., 1994) .
The requirement for an interaction between the noncatalytic segment of PTP-PEST and p130 cas in order to allow PTP-PEST to recognize p130 cas eciently as a substrate is somewhat analogous to the previously reported SH2 domain-assisted recognition of p130 cas as a substrate by non-receptor protein tyrosine kinases . Phosphorylation of p130
cas by cAbl in vitro was shown to be enhanced signi®cantly by the presence of an SH2 domain capable of binding with high anity to phosphorylation sites on p130 cas , suggesting a model in which processive phosphorylation of the substrate protein is driven by the presence, within the same molecule, of an SH2 domain and a protein tyrosine kinase domain with overlapping ligand/substrate recognition sequences . Similarity of SH2 domain and kinase domain recognition sequences within a protein tyrosine kinase appears to be a common feature of these enzymes (Songyang et al., 1993 (Songyang et al., , 1995 indicating that this mechanism of substrate selection may represent a general means whereby signal propagation via protein tyrosine phosphorylation is ampli®ed following the initial activation events. Similarly, the observed high anity interaction between the SH3 domain of p130 cas and the non-catalytic segment of PTP-PEST is likely to prolong the otherwise transient association of PTP-PEST with its substrate, thereby ensuring its complete dephosphorylation, resulting in the rapid termination cas by PTP-PEST. 293 cells were transfected with either control plasmid (lacking PTP-PEST cDNA), or with plasmid expressing wild-type (WT lanes) or P337A mutant forms of PTP-PEST. PTP-PEST proteins were isolated from the resultant transfected cell lysates by immunoprecipitation with AG25-Protein A-Sepharose beads. After washing the beads, aliquots of immunoprecipitated PTP-PEST derived from 100, 200 or 400 mg of total cell lysate protein were incubated for 5 min at 48C in the presence of pervanadate-treated HeLa cell lysate (0.5 mg protein), after which the beads were removed by centrifugation and both the beads and an aliquot of the supernatant were boiled in SDS ± PAGE sample buer. Recently, the SH3 domain of p130 cas was also shown to associate with the endoplasmic reticulumlocalised protein tyrosine phosphatase PTP1B via a proline-rich sequence in the non-catalytic segment of the phosphatase (Liu et al., 1996) . Thus it appears that at least two PTPs, residing in separate compartments within the cell, are potentially capable of exploiting the SH3 domain of p130 cas as a substrate recognition motif in order to enhance their ability to dephosphorylate p130 cas . Similarly, the SH3 domain of the protein tyrosine kinase Csk was recently found to bind to a proline-rich sequence in PEP, a PTP closely related to PTP-PEST, although in this instance it is not clear whether Csk is itself a substrate for PEP (Cloutier and Veillette, 1996) . In addition to these examples, the SH2 domain-containing PTPs, SHP1 and SHP2, are generally believed to locate their substrates following the association of their SH2 domains with speci®c phosphotyrosine residues Klingmuller et al., 1995; Chen et al., 1996) . This type of association, which leads to enzyme activation , potentially leads to the dephosphorylation of the SH2 domain bound protein itself, or to the dephosphorylation of distinct substrate proteins which colocalise with the SH2 domain ligand within the cell. The involvement of the non-catalytic segments of PTPs in substrate recognition thus appears to be an emerging theme in the regulation of signal transduction pathways by PTPs, oering a versatile mechanism for improving the substrate speci®city of individual PTPs in order to restrict these enzymes to speci®c, well de®ned roles in regulating tyrosine phosphorylation-dependent signal transduction pathways.
In summary, we have identi®ed the protein tyrosine phosphatase PTP-PEST as a ligand for the SH3 domain of p130 cas . Furthermore, this interaction is essential for the ecient recognition of tyrosine phosphorylated p130 cas as a substrate by PTP-PEST. Our data suggest that one important function of the p130 cas SH3 domain is to regulate the dephosphorylation of p130 cas itself via the recruitment of the p130 cas -speci®c protein tyrosine phosphatase PTP-PEST to signalling complexes containing tyrosine phosphorylated p130 cas . Tyrosine phosphorylation-dependent signalling processes downstream of p130 cas are thus potentially controlled by a novel regulatory mechanism driven by the speci®c binding of the SH3 domain of p130 cas to PTP-PEST.
Materials and methods
Protein expression and puri®cation
Full-length PTP-PEST, and truncated versions comprising amino acid residues 1 ± 305, 1 ± 525 or 1 ± 635 were expressed in Sf9 cells using recombinant baculovirus (BaculoGold; Pharmingen) and puri®ed as described in Garton and Tonks (1994) . Plasmids for bacterial expression of glutathione-S-transferase (GST) fusion proteins containing SH3 domains derived from crk, abl, grb2, lyn, src, or phosphatidylinositol 3'-kinase were provided by Ray Birge (Rockefeller University); the GST-cortactin SH3 domain expression plasmid was provided by Tom Parsons (University of Virginia); the GST-HEF-1 SH3 domain plasmid was provided by Erica Golemis (Fox Chase Cancer Center). GST fusion proteins were expressed and puri®ed as described in Garton et al. (1996) .
Cell culture, transfection and preparation of lysates HeLa and COS1 cells were grown in Dulbecco's modi®ed Eagle's medium (DMEM) containing 5% fetal bovine serum; 293 cells were grown in DMEM containing 10% calf serum. All media contained penicillin (100 U/ml) and streptomycin (100 mg/ml).
Point mutations were introduced into PTP-PEST by sitedirected mutagenesis using the Muta-Gene in vitro mutagenesis kit (Bio-Rad). Regions containing the required mutation were sequenced to ensure the absence of additional mutations, then exchanged with wild-type PTP-PEST sequences in the mammalian expression vector PMT2, from which expression is driven by the adenovirus major late promoter. Wild-type and mutant forms of PTP-PEST were introduced into COS or 293 cells by calcium phosphatemediated transfection; 20 mg of the appropriate plasmid DNA was used per 10 cm diameter plate of cells. Cells were harvested 48 h after transfection, all PTP-PEST constructs were expressed to similar levels. Transfected cells were washed twice with PBS, then lysed by the addition of 0.5 ml buer A (20 mM Tris-HC1, pH 7.4, 1 mM EDTA, 1 mM benzamidine, 1 mg/ml leupeptin, 1 mg/ml aprotinin, 10% glycerol, 1% Triton X-100, 100 mM NaCl, 1 mM DTT); after incubation at 48C for 30 min, lysates were centrifuged at 15 000 g for 10 min at 48C, the resultant supernatant was used as the source of wild-type or mutant transfected PTP-PEST proteins.
Pervanadate treatment of HeLa or COS cells was carried out at 378C for 30 min by the addition of 0.1 mM pervanadate as described previously (Garton et al., 1996) . Pervanadate-treated, or untreated control cells were lysed by the addition of 0.5 ml buer A (containing 5 mM iodoacetic acid but lacking DTT). After incubation at 48C for 30 min, DTT was added to 10 mM, the lysates were centrifuged at 15 000 g for 10 min, and the resultant supernatant was used in substrate trapping or dephosphorylation experiments.
Antibodies, immunoprecipitation and protein association PTP-PEST monoclonal and polyclonal antibodies were raised against baculovirus-expressed, puri®ed full-length human PTP-PEST; monoclonal antibody AG10 recognizes an epitope within the N-terminal 305 amino acid residues of PTP-PEST, the epitope for AG25 resides between residues 306 ± 525. p130 cas polyclonal antibody (CasB) was raised against a puri®ed bacterially expressed GST fusion protein containing amino acid residues 318 ± 486 of p130 cas . p130 cas monoclonal antibody was obtained from Transduction Laboratories. Monoclonal antiphosphotyrosine antibody G104 was raised against a random polymer of phosphotyrosine, alanine and glycine (mixed 1 : 1 : 1) polymerized in the presence of keyhole limpet hemocyanin with 1-ethyl -3 -(3'-dimethylaminopropyl) carbodiimide (Kamps and Sefton, 1988) . Monoclonal pp125 AFK antibody was provided by Tom Parsons (University of Virginia).
Immunoprecipitation of transfected PTP-PEST proteins was performed after covalent coupling of monoclonal antibody AG25 to protein A-Sepharose beads (Pharmacia) using dimethyl pimelimidate (Schneider et al., 1992) . Equal amounts of various transfected cell lysates, containing 0.5 mg total protein, were incubated for 2 h at 48C with 10 ml beads containing approximately 10 mg PTP-PEST antibody. The beads were then washed three times with 1 ml buer A and used for protein association or dephosphorylation experiments.
Association of wild-type or mutant forms of transfected PTP-PEST with full length p130 cas was examined following incubation of PTP-PEST-containing AG25-protein A-Sepharose beads with either untreated or pervanadate-treated COS cell lysates (0.5 mg total protein). After incubation for 45 min at 48C, the beads were washed three times with 1 ml buer A, proteins bound to the beads were then solubilised by boiling for 5 min in SDS ± PAGE sample buer, and analysed by SDS ± PAGE followed by immunoblotting with monoclonal antibodies to phosphotyrosine or p130 cas . Association of transfected wild-type and mutant forms of PTP-PEST with SH3 domains was assessed by incubation of the appropriate transfected cell lysate (250 mg protein) with glutathione-Sepharose beads (Pharmacia) containing 5 mg of the required GST-SH3 domain fusion protein. Alternatively, beads containing GST-SH3 domains were incubated with puri®ed wild-type or truncated PTP-PEST proteins; GST-SH3 domain beads were incubated in 100 ml of buer A containing 50 nM PTP-PEST protein. After incubation at 48C for 30 min, the beads were washed three times with 1 ml buer A, and associated PTP-PEST protein was analysed by SDS ± PAGE followed by immunoblotting with a PTP-PEST monoclonal antibody (AG10).
Dephosphorylation reactions
Pervanadate-treated HeLa cell lysate (0.5 mg protein) was incubated for 5 min at 48C in the presence of wild-type or P337A PTP-PEST, which was isolated by immunoprecipitation with AG25-protein A-Sepharose beads from transfected 293 cell lysates. Following removal of the PTP-PEST beads by centrifugation, a portion of the supernatant (30 mg protein) was analysed directly by antiphosphotyrosine immunoblotting. The amount of PTP-PEST present in the dephosphorylation incubations was determined after washing the PTP-PEST beads by immunoblotting the bound protein with a monoclonal antibody to PTP-PEST (AG10). The dephosphorylation of p130 cas was also assessed following immunoprecipitation of the p130 cas protein from the phosphatase-treated lysates. Samples containing 300 mg protein were incubated for 30 min with 10 ml protein A-Sepharose beads containing 1 ml p130 cas polyclonal antibody. After washing the beads three times with 1 ml buer A, bound proteins were analysed by immunoblotting with monoclonal antibodes to p130 cas or phosphotyrosine.
Gel overlay assays
Gel overlay assays were performed as described previously . Brie¯y, proteins were separated by SDS ± PAGE, transferred to nitrocellulose, denatured in 6M guanidine-HCL and allowed to renature over time in decreasing concentrations of guanidine-HCL. The ®lter was incubated overnight in the presence of 32 P-labelled GST-fusion protein containing the SH3 domain of p130 cas , washed extensively and then subjected to autoradiography.
